the wet tropics of Australia for four species out of six tested (five birds, one reptile) (Joseph et al. 1995) . Only one study so far has examined concordance amongst species at the continental level. The mtDNA intraspecific phylogeographic structure of five bird species has been compared throughout North America (Zink 1996) . A lack of a congruent phylogeographic pattern was found, suggesting that the five codistributed species have not had a long history of coassociation.
Before discussing comparative phylogeography in Europe, it is important to: (i) briefly describe the Quaternary cold periods which appear to have had a dramatic influence on most organisms in temperate regions (Hewitt 1996) ; and (ii) mention the geographical particularities of this continent. Twenty years ago, it was recognized that changes in the earth's orbit are the fundamental causes of the Quaternary climatic oscillations (Hays et al. 1976) . The ice sheets of the Northern Hemisphere began to grow about 2.5 Myr ago, and the major climatic oscillations occurred during the last 700 ky, with a dominant 100-ky cycle (Webb & Bartlein 1992) . It has been demonstrated more recently that short-term and high-amplitude climatic variation also occurred during the late Pleistocene (130 ky to 10 ky), both within the glacial and the interglacial periods (Roy et al. 1996) . A decrease of 10-14°C in average temperature (above Greenland) may have occurred within only 10-20 y, and lasted for periods of 70-5000 y (Dansgaard et al. 1993; GRIP Members 1993) . Such temperature shifts could be linked to enormous discharge of icebergs into the North Atlantic (Bond et al. 1993) . In this context, the relative climatic stability recorded during the last 8000 y seems to be the exception rather than the rule. The consequence is that the European biota has experienced some dramatic climatic changes during the last few million years, with extensive oscillations during the last 700 ky. Figure 1 presents the maximum extension of the ice sheet during the last cooling, about 20-18 ky ago.
From a biogeographic point of view, Europe has some distinctive features. It is a large peninsula connected to Asia, with an east-west orientation. The Mediterranean sea in the south constitutes a strong barrier, and has limited the possibility of southern displacement of biota during cold periods. Furthermore, the east-west orientation of the main mountain ranges of the Alps and the Pyrenees acted as a barrier to northward expansion of species during warm periods. The effects of the ice ages on European species has been examined in detail by Hewitt (1996) : during the Quaternary, each species went through many contractions/expansions of range, characterized by extinctions of northern populations when the temperature decreased, and a northward expansion from refugia involving spreading from the leading edge. Such a colonization process implies successive bottlenecks that may lead to a loss of genetic diversity in the northern populations, with the exception of cold-tolerant taxa. The refugia were localized in the mountains of southern Europe and, for the long-term presence of a species in Europe, survival in these refugia may have been as important during warm periods as during cold periods (Bennett et al. 1991) . The disappearance of a species in southern refugia during warm periods could lead to the complete extinction of that taxon during the next cooling. The last northward expansion of European trees, which occurred from 13 ky BP, is well documented from the pollen record (Huntley & Birks 1983) , and exibited a rate of spread up to 2000 m/y (Bennett 1986) .
However, the influence of the Quaternary cold periods on the geographical distribution of genetic diversity in Europe is still unclear. Do repeated cycles of isolation in southern refugia promote divergence and speciation? How is intraspecific biodiversity distributed? Are there common patterns of divergence and colonization? In this study, we present a comparative phylogeographic study of plants and animals at the European level. Our first goal is to elucidate general patterns in answer to the above questions. Our second goal is, assuming the existence of a molecular clock, to test if the depth of a concordant genetic break observed within different species could be directly related to a particular historical factor such as a Quaternary cold period.
Materials and methods
The more taxonomically and ecologically diverse the species compared in this type of study, the more generally applicable the results will be (Zink 1996) . Therefore, in order to extend the relevance of our results, the taxa compared were not limited by their taxonomic or ecological group, but were chosen only according to the availability of intraspecific phylogeographic studies over the geographical range considered. Studies where no clear phylogeographic pattern has been found (e.g. Estoup et al. 1996; Thomaz et al. 1996) or covering a restricted geographical range (e.g. Bernatchez et al. 1992; Garnery et al. 1995; Hardy et al. 1995; Jaarola & Tegelström 1995; Smith et al. 1991) were not taken into account for direct comparison, but are introduced where necessary. To have the opportunity to analyse as many data sets as possible, we considered phylogeographic patterns deduced from different molecular markers: mtDNA for animals, chloroplast DNA (cpDNA) or isozymes for plants. Due to clonal inheritance, cpDNA may be considered to be the plant counterpart for animal mtDNA. Isozymes are encoded by nuclear genes, which are characterized by biparental transmission and by pollen (haploid) or seed (diploid) dispersal, making phylogeographic inference more complex. Nevertheless, in plants, isozyme data can be useful to identify populations which exhibit a common recent history.
A more restricted data set was used to test if the depth of genetic breaks observed within different animal species could be related to any historical factor. The taxa chosen for this purpose were those for which the mitochondrial DNA sequence divergence among lineages is known, and for which a time of divergence can be estimated assuming a molecular clock. The data used were composed essentially of intraspecific variation, but as the species boundaries are sometimes difficult to assess and can be questionable, data between closely related species were also considered when showing parapatric distributions. We simplified the original mtDNA phylogenetic trees by grouping the more closely related lineages to emphasize the main features of each taxon.
In order to highlight general patterns that are not obvious when the phylogeographic relationships are interpreted separately, a Brooks parsimony analysis (Brooks 1985 (Brooks , 1990 Wiley 1988a,b) was carried out. It corresponds to a Wagner parsimony analysis of an (area × taxon) matrix, where, in our case, each taxon is represented by a lineage. All the available data from the comparative study above were used, taking into account phylogenetic information when available, but excluding lineages present in all areas. The DELTRAN optimization routine of the PA U P program (Swofford 1993 ) was used to find the most parsimonious solution.
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Results
Ursus arctos (Taberlet & Bouvet 1994) The brown bear exhibits two distinct mtDNA lineages in Europe. The eastern lineage is represented mainly by the large populations of Russia and Romania, whereas the western lineage, which includes the other European populations, appears to be organized into two clades corresponding to two different Quaternary refugia (Fig. 2 ).
Contact zones between these two main lineages are localized in Scandinavia (Taberlet et al. 1995) and in Central Europe (Kohn et al. 1995) . Sequence divergences in the cytochrome b gene amongst these lineages ( Fig. 2) have been estimated by comparing results from different studies (Randi et al. 1994; Taberlet & Bouvet 1992) , and are relatively low compared to intraspecific divergences in other taxa (Fig. 2 ).
Sorex spp. The shrews considered in our analysis were Sorex samniticus and the West European representatives of the S. araneus group. S. granarius, restricted to Spain, is closely related to a lineage of S. araneus found in western, northern and Central Europe. Another lineage of S. araneus found in Italy and the southern slopes of the Alps is slightly more divergent. S. coronatus, found in northern Spain and in France, and S. samniticus, restricted to Italy, differ from the other lineages by 3.7% and 9.1% in cytochrome b gene sequences, respectively (Fig. 2 ).
Crocidura suaveolens (Cosson et al., unpublished)
The lesser white-toothed shrew is represented in Europe by two main lineages which differ from each other by a mean pairwise genetic distance of approx. 6.5% in the cytochrome b gene. Chorthippus parallelus (Cooper et al. 1995) The analysis of the variation at a noncoding nuclear marker in this species revealed geographical subdivision and an unambiguous pattern of postglacial expansion (Fig. 3) . Most of the European populations of this grasshopper are homogeneous, originating after a range expansion from a Balkan refugium, and meet populations from Italian and Spanish refugia in the Alps and the Pyrenees, respectively.
Abies alba (Konnert & Bergmann 1995) Silver fir occurs in mountainous regions of the southern part of Europe. The geographical distribution of allele frequencies at isozyme loci indicates five refugia during the last glaciation. Most of the current populations originate predominantly from two refugia in the Balkans and in Central Italy, with extensive mixing where these two lineages meet (Fig. 4) . Another hypothetical refugium in south-eastern France could also have contributed to the isozyme polymorphism. The isolated populations in the Pyrenees and in Calabria correspond to two additional refugia, but did not expand.
Picea abies (Lagercrantz & Ryman 1990) Norway spruce presents a phylogeographic pattern completely different from the other species examined here, because it prefers cold climate and was not present in usual southern refugia (R1, R2 and R3 in Fig. 1 ). Isozyme polymorphism and fossil pollen analyses suggest postglacial westward colonization routes from three refugia in the present-day area of Moscow, in the Carpathians, and in the Dinaric Alps (Fig. 4) (Huntley & Birks 1983) . Population bottlenecks in the two last refugia could account for the very low level of heterozygosity observed in Central Europe.
Fagus sylvatica (Demesure et al. 1996) Common beech exhibits an outstanding homogeneity in chloroplast DNA amongst populations from northern Spain, France, Germany, Poland, and the Balkans. Only populations from Italy are distinct. The interpretation of these results together with fossil pollen data (Huntley & Birks 1983) , which clearly localized the refugia in southern Italy and in the Balkans, allows us to infer the postglacial colonization routes (Fig. 4) : all of the current geographical range except Italy was colonized from a refugium located in the Balkans (Carpathes), and the populations originating from a refugium in Calabria were confined to Italy.
Quercus spp. (Dumolin-Lapègue et al. 1997) Study of chloroplast DNA variation in eight species of white oaks, which hybridize and share the same set of haplotypes, suggests some postglacial colonization routes originating from the three potential refugia in Spain, Italy, and the Balkans (Fig. 4 ). An extensive mixing of different lineages has been observed in the northern populations, while some haplotypes did not expand outside of these refugia.
Results of the Brooks parsimony analysis
Five areas were taken into account for the Brooks parsimony analysis. Three of them correspond to the three potential refugia indicated in Fig. 1 The parsimony analysis gave a single most parsimonious tree 39-steps long (consistency index: 0.821). The results are shown on an unrooted area phylogram where assigned branch lengths and bootstrap values (10 000 replicates) are indicated (Fig. 5) . The grouping of Portugal-Spain/France vs. Germany-Poland/Italy/ Balkans is supported by a bootstrap value of 97%. Another feature of this area phylogram is that Italy is connected via a very long branch length, whereas Portugal-Spain and the Balkans are connected via shorter branch lengths.
Discussion

Lack of congruence among phylogeographic patterns
Ten taxa, including mammals, amphibians, insects, and plants, have been compared for phylogeographic patterns
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 453-464 across Europe. The most striking result is the considerable dissimilarity among European-wide phylogeographic patterns, although the divergences amongst populations from the three refugia could be considered as a certain degree of concordance. It seems that each taxon has responded independently to Quaternary cold periods, and therefore is largely a unique case with its own history. For example, if we compare lineages present in Italy and in the Iberic peninsula, they are closely related in Ursus (less than 1% of sequence divergence in the cytochrome b gene), but much more distantly related in Crocidura (6.4%), in Arvicola (7.6%), and in Triturus (8.5%), while the Sorex species considered here exhibit two lineages in each of these two refugia. Populations occurring in France come either from a refugium in the Iberic peninsula (e.g.
Arvicola sapidus, Triturus marmoratus), or from a refugium in the Balkans (e.g. Chorthippus parallelus, Fagus sylvaticus).
Although some spatial congruence has previously been found elsewhere in some restricted areas (Avise 1992; Bermingham & Avise 1986; Joseph et al. 1995) , the results obtained in Europe and in North America (Zink 1996) suggest that congruence is the exception at the continental scale. The consequence of an independent history for each taxon is that assemblages of plants and animals comprising particular communities are not stable over time, an observation consistent with previous findings based mainly on fossil pollen data (Bennett 1990 ).
In the context of repeated contraction/expansion of geographical ranges during Quaternary climatic fluctuations, the differing rates of colonization amongst taxa probably played an important role and could be at least partially responsible for the incongruences. It is likely that the first population colonizing a particular region can prevent the arrival of another one because the space is already occupied, and introgression or elimination by competition is always much slower than colonization of free areas. Extinction of a population in a potential refugium during a cold period, followed by a recolonization by another one, could also explain some incongruences.
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The depth of intraspecific phylogenies
In our data set, we were able to estimate the depth of intraspecific phylogenies between populations from two refugia in Portugal-Spain and in the Balkans, for three taxa. These depths in mtDNA sequence divergence for Ursus arctos, Crocidura suaveolens, and Arvicola sp. are 2%, 6.4%, and 7.6%, respectively (Fig. 2) . Assuming approximately equal rates of mtDNA sequence divergence as a working hypothesis (2% per Myr; Wilson et al. 1985) , then if the depth in phylogenies was related to a common event, we may expect divergence times dating from the beginning of the strong climatic oscillations, i.e. 0.7 Mya. Our results do not reveal any evidence of a common time of divergence within these three taxa, except maybe for C. suaveolens and Arvicola spp. A divergence of 6.4% or 7.6% in the cytochrome b gene sequence for these two taxa even indicates a pre-Pleistocene population split, showing that Quaternary cold periods are unlikely to be a cause of the divergence. Fortunately, palaeontological data are available for these three species, indicating that U. arctos arrived in Europe 0.91-0.98 Mya (Mazza & Rustioni 1994) , Mymomys davakosi, the ancestor of Arvicola, was present 4.0-3.4 Mya (Chaline & Graf 1988; Chaline et al. 1993 ), while C. suaveolens was known on the continent from the Plio-Pleistocene (Reumer 1983) , i.e. approx. 2 Mya. One can imagine that populations of each species began to diverge among the three (subsequently refugium) areas, even as early as the date of first arrival of the species in Europe. The divergence may have occurred simply due to isolation by distance among Portugal-Spain, Italy, and the Balkans. The subsequent range contractions and expansions due to climatic oscillations may have eliminated only haplotypes present in northern areas, without affecting those present in the refugia. Assuming no retention of ancestral polymorphism from the date of arrival, this scenario suggests that the depth of the deepest intraspecific divergences are related simply to the date of arrival of each taxon in the European continent, rather than to any subsequent historical event. This could also explain why no congruence was found in the dates of divergence even in cases of congruent phylogeographic patterns. Indeed, several authors (Avise 1992; Bermingham & Avise 1986; Joseph et al. 1995) pointed out the discrepancy in divergence date among lineages, and explained this either by a considerable heterogeneity in mtDNA evolutionary rates, or by the fact that the species reacted differently to the separate episodes of climatic variations (i.e. the more ancient the split, the more ancient the historical event involved in the divergence). We argue instead that, in the case of phylogeographies that are congruent due to the same historical event, the divergence times amongst lineages are expected to be different, and lie somewhere between the date of colonization and the date of the historical vicariant event. Consequently, the deepest divergence times between congruent intraspecific phylogeographies are unlikely to accurately date the historical event responsible for that congruence, although they may provide a minimum age.
Recently, several studies have emphasized that speciation events occurred mainly during the Pliocene (Bermingham et al. 1992; Zink & Slowinski 1995) . The present study shows that this observation can be extended to the intraspecific level, and that many lineages within the same species can also stem from the Pliocene. In our data set, only the genus Sorex could have speciated during the Quaternary, but this could be related more to chromosomal incompatibilities rather than to genetic differentiation via gradual molecular divergence (e.g. ).
Refugia, colonization routes, and suture zones
Almost all the considered taxa used the three potential refuge areas in the south during Quaternary cold periods: the Iberic peninsula, Italy, and the Balkans. Only the Norway spruce and the common beech failed to follow this rule. The Norway spruce, a tree from a boreal climate, did not survive in the southernmost regions, but only in suitable habitats in the Dinaric Alps, in the Carpathes, and in the present-day area of Moscow (Huntley & Birks 1983; Lagercrantz & Ryman 1990) . The common beech, a tree from a temperate climate, found refuge in the south as did other taxa, but it seems that it was not able to survive in the Iberic refugium; as a consequence, all the western part of the geographical distribution was colonized from the Balkans (Demesure et al. 1996) . As predicted by the expansion/contraction model, a much higher intraspecific diversity in the southern areas than in recently colonized 460 P. TABERLET ET AL.
© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 453-464 northern regions has been documented for Triturus carnifex in Italy and T. karelini in the Balkans (Wallis & Arntzen 1989) , for Chorthippus parallelus in the Balkans (Cooper et al. 1995) , and for Quercus spp. and Fagus sylvatica in Italy (Demesure et al. 1996; Dumolin-Lapègue et al. 1997) .
Although no evidence of common phylogeographic histories across Europe have been found, postglacial colonization routes exhibit some interesting concordances. The colonization route out of an Iberic refugium towards the south of Scandinavia seems to be identical for the brown bear and the white oaks, and the spread from a Balkanic refugium towards the southeast of France is similar for the grasshopper and the common beech (Figs 2, 3 , and 4). Furthermore, the barrier of the Alps prevented the northward expansion of populations isolated in the Italian refugium for at least four taxa in our data set.
Even if some concordances in colonization routes are apparent, the dissimilarity of the global phylogeographic patterns makes the elaboration of a synthetic view difficult. In this regard, the Brooks parsimony analysis is valuable in that it integrates all the available data to produce the single picture presented in Fig. 5 . The long branch length to Italy indicates how the scale of the barrier of the Alps, and the isolation of the Italian peninsula. Consequently, many lineages at the European level are present only in this area (Figs 2, 3 , and 4). Italy and the Balkans form a clade, due probably to their geographical proximity, and to the connection across the Adriatic sea between these two refugia when the sea level was lower during cold periods (see Fig. 1 ). Shorter branch lengths to Portugal-Spain and to the Balkans convey the fact that northern areas were colonized generally from these two refugia. Although the Brooks parsimony analysis has been criticized in the field of historical biogeography (see Morrone & Crisci 1995) , we feel that this approach is useful in our case by giving a consistent overview of a complex data set. Furthermore, using the parsimony approach, it is possible to produce not only a branching pattern, but also branch lengths which provide a valuable information concerning the degree of isolation of a particular region.
The term suture-zone has been introduced by Remington (1968) to describe 'a band, whether narrow or broad, of geographical overlap between major biotic assemblages, including some pairs of species or semispecies which hybridize in the zone'. The emergence of this term is due to the observation that hybrid zones are often concentrated within limited areas. This concept could easily be extended to the intraspecific level (see Jaarola & Tegelström 1995) to characterize areas where different populations meet after a postglacial expansion. In Europe four main suture-zones may be recognized (Fig. 6) . The most obvious one corresponds to the Alpine barrier which separates lineages occurring in Italy from lineages distributed in the west and in the north of the Alps. Many examples can be cited to illustrate this discontinuity: Sorex araneus , Arvicola terrestris (WustSaucy et al. 1997) , Triturus sp. (Wallis & Arntzen 1989) , Salmo trutta (Bernatchez et al. 1992) , C. parallelus (Cooper et al. 1995) , and Apis mellifera (Garnery et al. 1992) . However, some Italian lineages of the white oaks were able to cross the Alps and to spread north-, east-, and westward (Dumolin-Lapègue et al. 1997) . The second suture-zone corresponds to the junction between populations of the Iberic refugium with populations of eastern origin (the Balkanic refugium, or another easternmost refugium) somewhere around the border between France and Germany. As this region is relatively flat, without any substantial topographic barrier, this suture zone is not localized exactly in the same place for different organisms: it occurs in the northeast of France between Arvicola sapidus/A. terrestris, and Triturus marmoratus/T. cristatus, and in a more eastern position for Sorex coronatus/S. araneus. Previous morphological studies highlighted a suture zone in the same area, for instance for the ringed snake, Natrix natrix (Thorpe 1979) . The third suture-zone is represented by the Pyrenees, and could be considered as a particular case of the second. In our dataset, only C. parallelus illustrates this Pyrenean suture-zone, but genetic data for the warbler Phylloscopus collybita (Helbig et al. 1993 ) also support it. The last suture-zone is located in COMPARATIVE PHYLOGEOGRAPHY IN EUROPE 461 © 1998 Blackwell Science Ltd, Molecular Ecology, 7, 453-464 Scandinavia, and indicates that this area may have been colonized from the north and from the south by different populations originating from different refugia. So far, four mammalian species have been shown to support this suture zone: Sorex araneus (Fredga & Nawrin 1977) , Clethrionomys glareolus (Tegelström 1987) , Microtus agrestis (Jaarola & Tegelström 1995) , and Ursus arctos (Taberlet et al. 1995) . As a consequence, the genetic diversity in Scandinavia may be higher than expected.
Conclusions and perspectives
Previous studies have shown that the Quaternary in Europe was characterized by many cycles of contraction/expansion of geographical ranges according to climatic fluctuations: contraction of ranges to southern regions during cold periods, and expansion from the leading edges during subsequent warmings (Hewitt 1996) . Using this model, one can predict that: (i) the highest diversity should be found amongst the southern regions; and (ii) the distribution of intraspecific polymorphism in northern regions should be dictated by the colonization routes used from the refugia. Clearly, the available phylogeographic data confirm both predictions and strongly support the contraction/expansion model.
Although this study revealed no evidence of common phylogeographies amongst the 10 taxa compared, some general trends can be drawn. The current distribution of intraspecific polymorphism in Europe can be explained by the persistence of each taxon in three refugia (Fig. 1 ) and the subsequent colonization routes used (Fig. 6) . The northern part of Europe has been colonized primarily from the Iberic and the Balkan refugia, whilst populations evolving in Italy were not usually able to spread northward due to the Alpine Barrier. The comparison of colonization routes suggested four main suture-zones where populations from different refugia meet (Fig. 6) . However, it is noteworthy that the few data currently available for eastern Europe and Fennoscandia may underestimate the contribution of potential easternmost refugia localized in Europe and/or Asia.
These general trends have implications for conservation genetics, highlighting areas where conservation efforts should be concentrated. First, Italy has many endemic lineages. Second, the southern regions in general, where refugia are localized, are of particular interest: they support most of the current genetic variation, and for long-term conservation the preservation of genetic diversity in these areas seems desirable.
Traditionally, the history of species and communities over the last few million years was studied by using fossils and pollen data. As a result, the influence of Quaternary climatic oscillation has been estimated, and a general picture concerning the changes in faunas and floras has been put forward. Molecular genetics can describe intraspecific geographical structure by identifying lineages, and consequently can reveal postglacial colonization routes provided that the location of the refugia are known. Palaeontology and palynology are not able to discern intraspecific phylogeographic structure and, in that, the molecular approach clearly provides an advance. However, molecular genetics based on polymorphism present in extant organisms cannot by itself localize refugia with precision. Furthermore, and contrary to widespread current belief, molecular genetic studies may be of limited use in dating a vicariant event that occurred during the Quaternary. Indeed, the intraspecific divergence amongst mtDNA lineages appears to often largely predate the Quaternary cold periods.
This study is a first attempt to synthesize our current knowledge, based on the limited number of available data sets. Although incomplete, it will help to define the appropriate scope for future phylogeographic studies in this region, and to design more pertinent sampling strategies. Advances in the field of comparative phylogeography will clearly come from a better integration of several complementary approaches including genetics, ecology, palaeontology, palynology, and climatology.
